We discuss the effects of a strong magnetic field in quantum wires. We show how the presence of a magnetic field modifies the role played by electron electron interaction producing a strong reduction of the backward scattering corresponding to the Coulomb repulsion. We discuss the consequences of this and other effects of magnetic field on the Tomonaga-Luttinger liquids and especially on their power-law behaviour in all correlation functions. The focal point is the rescaling of all the repulsive terms of the interaction between electrons with opposite momenta, due to the edge localization of the electrons and to the reduction of the length scale. Because of the same two reasons there are some interesting effects of the magnetic field concerning the backward scattering due to the presence of one impurity and the corresponding conductance. As an effect of the magnetic field we find also a spin polarization induced by a combination of electrostatic forces and the Pauli principle, quite similar to the one observed in large Quntum Dots.
Introduction
In the last 20 years progresses in semiconductor device fabrication and carbon technology allowed the construction of several new devices at the nanometric scale and many novel transport phenomena have been revealed in mesoscopic low-dimensional structures.
Molecular beam epitaxy allows one to construct interesting two-dimensional devices in heterostructures between different thin semiconducting layers (a strong electric field creates a two dimensional electron gas (2DEG) at the interface) while other techniques (such as the electron beam lithography) for the deposition of metallic gates allow us to confine electrons in small devices with controllable size and contact transparency [1] .
Semiconductor quantum wires (QWs) are quasi onedimensional(1D) devices where the electron waves are in some ways analogous to electromagnetic waves in waveguides. They are made from a 2DEG at the interface of a GaAs: AlGaAs heterojunction where a quasi one dimensional electron gas can be formed by etching the heterojunction into a wire of width, say, 1000Å [1] .
The transport in QWs is connected to three different regimes, the two ones at very low temperaa e-mail: bellucci@lnf.infn.it tures correspond to the typical single electron tunnelling (Coulomb blockade) and to Ballistic Transport (where the Landauer-Büttiker formalism applies) [2] [3] [4] while when the correlation is strong the Tomonaga-Luttinger [5-8] liquid regime dominates.
Experiments with short one-dimensional (1D) conductors (QWs, narrow ballistic channels, quantum point contacts in a 2DEG and carbon nanotubes) have demonstrated [9, 10] that their conductance is quantized in integer multiples of 2e 2 /h. However, this simple step-like form for the conductance as a function of the Fermi energy, occurs when the transition between the wide leads and the narrow channel is adiabatic [11] .
The ballistic transport characterizes the motion of electrons in nanometric regions in semiconductor structures at very high electric field when velocities are much higher than their equilibrium thermal velocity. We suppose that ballistic electrons are not subjected to scattering with others electrons. A general model for nearequilibrium ballistic transport is due to the Landauer [3] and Büttiker [4] contributions that are condensed in the so called Landauer formula. This formula expresses the conductance of a system at very low temperatures and very small bias voltages in terms of the quantum mechanical transmission coefficients. The conductance is calculated directly from the energy spectrum by relating it to the 88 The European Physical Journal B number of forward propagating electron modes at a given Fermi energy.
Electron transport in QWs attracts considerable interest also because of the fundamental importance of the electron-electron (e-e) interaction in 1D systems: the e-e interaction in a 1D system is expected to lead to the formation of a Tomonaga-Luttinger (TL) liquid with properties very different from those of the non-interacting Fermi gas [8, 12, 13] .
In the TL model two types of fermions right movers and left movers are coupled by an interaction of strength g. The interaction between electrons in one-dimensional metals gives several singular properties not present in conventional (Fermi liquid) metals: (i) a continuous momentum distribution function n(k), varying with k as |k − k F | α with an interaction-dependent exponent α, consequence of the lack of fermionic quasi-particles; (ii) a similar powerlaw behaviour in all correlation functions; (iii) charge-spin separation: the elementary excitations of a TL liquid are not quasi-particles, with charge e and spin 1/2 but collective charge and spin density fluctuations with bosonic character, i.e. so-called spinons and holons. These spin and charge excitations propagate with different velocities which lead to the separation of spin and charge.
The interest in TL liquids increased in recent years because of several new physical realizations, including quantum Hall edge systems [5, 14, 15] , carbon nanotubes [16, 17] , and semiconductor QWs [18, 19] in particular. Most of these experiments concentrated on the power-law behavior of the electron tunneling.
The low-energy behavior of Luttinger liquids is dramatically affected by impurities and carbon nanotubes enable experimentalists nowadays to analyze systems with a single impurity in an otherwise perfectly pure onedimensional metal.
Because of the electron-electron interaction the backscattering amplitude generated by the impurity grows at low energy scales, so that the impurity acts as an increasingly high barrier [20] . A power-law singularity of the 2k F density response function in a Luttinger liquid can confirm this behavior. As a consequence, universal scaling behavior is expected in the low energy limit, with exponents depending only on bulk parameters of the system, rather than on the impurity strength.
A Luttinger liquid in strong magnetic field can be dramatically modified by spin effects. The presence of a strong magnetic field acting on a many electron system can induce a spin polarization. In semiconducting devices this polarization is not an effect of Zeeman coupling but it could be a result of the Coulomb exchange or a consequence of a transverse electric field always present at the interface (Rashba effect) [21] [22] [23] . In fact the spin orbit (SO) coupling due to the electric field in the z direction is stronger than the Zeeman term of interaction connected to a magnetic field acting on the system because of the strong reduction of the effective electron mass (m * = 0.068m 0 ). The Zeeman spin splitting term is g * µ B B where g * is the effective magnetic factor for electrons in this geometry (very low in GaAs) and µ B is the Bohr magneton with the bare mass. So the mass renormalization reduces by a factor 10 the SO coupling and by a factor 100 the Zeeman spin splitting.
The spin behavior of an electron liquid under the effect of a strong magnetic field was accurately studied in a different nanometric semiconducting device, the quantum dots (QDs), which are small structures (typically less than 1 µm in diameter) containing from one to a few thousand electrons. In QDs the electronic spins align when a strong magnetic field is present and it is known that magnetism occurs not because of direct magnetic forces (Zeeman coupling or SO coupling), but rather because of a combination of electrostatic forces and the Pauli principle as was proven in the last decade in several experiments [25] .
In this paper we present a study of the magnetic field dependence of Luttinger liquids in QWs. In Section 2 we introduce the model for a QW under the action of a magnetic field. In Section 3 we discuss the effect of the magnetic field on the kinetic and interaction coefficients as well as on the derived parameters. In particular we analyze the effects of the magnetic field on the critical coefficient α which characterizes the transport of the Wire because it determines the power law behaviour of the density of the states. In Section 3 we also discuss the effects of one impurity by analyzing the effects of magnetic field on the conductance. In Section 4 we analyze how a spin polarization could be observed in QWs in analogy with what happens in large QDs; we also discuss the effects on Luttinger liquid behaviour due to the spin polarization which implies the transition from a spinful Luttinger liquid to a spinless one.
Hamiltonian and microscopic approach
A QW is usually defined by a parabolic confining potential along one of the directions in the plane [22, 23, 26] :
We also consider a uniform magnetic field B along theẑ direction which allows a free choice in the gauge determination. We choose the gauge so that the system has a symmetry along theŷ direction, A = (0, Bx, 0), so that the single particle Hamiltonian is
